Abstract:
INTRODUCTION
Blasting technology plays an increasingly important role in the process of mining. Blasting vibration and damage on adjacent buildings are common, and damage to buildings by mining blasting is affected by several factors. These factors include the characteristics of the blasting wave, the composition of the structure, construction quality, and the characteristics of foundation soil on site. The generation of a blasting wave involves a process of random vibration. Therefore, the destruction of accurately estimated buildings by blasting waves is a complicated problem. Guaranteeing the safety of buildings around a mining area is thus an urgent problem.
Existing studies have examined the dynamic collapse and dynamic response of a frame structure under seismic action. For example, Liu et al. [1] adopted time-history response analysis method and described the transition from static to vibration and then to collapse. These researchers also presented measures for improving the seismic performance of a frame structure. Liu et al. [2] analyzed three main bearing capacity reduction processes of a 10-layer frame structure, namely, elastic work, cracking, and collapse. These researchers actualized the entire process of damaging building frame structures and identified key points in structures under a severe earthquake. Liu and Chen also recommended measures for improving the seismic performance of a frame structure. Huang et al. [3] discussed the process of collecting waveform data from artificial blasting events and extracting relatively regular waveform characteristics from a natural seismic wave. The differences between blasting and natural seismic waves were identified and explored in detail. Jiang et al. [4] analyzed seismic fragility assessment of RC moment-resisting frames designed according to the current Chinese seismic design code. Yang and Gao [5] determined the out-of-plane collapse process of a filler wall under rare earthquake action through numerical simulation. These researchers confirmed that a frame filler wall falls off easily when no construction measures are undertaken; the wall then collapses under rare earthquake action. Zhang and Huang [6] studied the vibration response of a particle to rock and soil mass during an explosion by establishing a mine blasting model in the context of mining engineering. Kim and Kang [7] analyzed super tall mega frame buildings by using a multi-level condensation method. A research group (Cheng and Su [8] ; Cheng and Wang [9] ,) also elaborated on the failure mechanism and dynamic response of a lining structure and soil mass structure surrounding a tunnel with a curved wall. Jiang et al. [10] analyzed damage-control seismic design of moment-resisting RC frame buildings. Ko et al. [11] evaluated seismic behavior of RC moment resisting frame with masonry infill walls. Research group [12] used MATLAB to examine the dynamic response of concrete frame structure under a blasting demolition environment, suggesting that moderate explosive energy should be used in demolition engineering to decrease the influence on surrounding buildings. Zhou et al. [13] conducted the test on peak acceleration amplification of soil layer in artificial blast wave. Wang et al. [14] studied the dynamic response of the frame construction building to the open-pit blasting seismic waves. The result shows that frequent blasting vibration causes the stress concentration between the wall and the beam. It is necessary to completely take into account the dynamic response difference between the frame construction building and the masonry filler wall so as to reduce the frequency of blast induced vibration to the minimum extent. Coffield and Adeli [15] studied the irregular steel building structures subjected to blast loading. Domestic and foreign scholars have extensively studied the blasting parameters in mining areas and the influence of blasting on surrounding buildings. Lu et al. [16] examined internal force redistribution in a steel-concrete structure, as well as the relative defense mechanism caused by vehicle collision and the failure load-bearing columns during an explosion. Hao and Wu [17] studied the dynamic response of an RC frame structure to underground motion caused by an underground explosion, they eventually established a discrete model. By conducting an actual survey on an open gold mine in Cangshang and by analyzing slope stability, blasting vibration strength, and uneven surface settlement, Zhan et al. [18] determined that the main reason for civil house cracking is the significant difference in the compressibilities of foundation soil. An uneven surface settlement results in house cracking. Shi et al. [19] analyzed the influence of vibrations from open-pit mining blasting on neighboring buildings and compared the degree of influence of various factors using grey relation method in combination with engineering practice. Wu et al. [20] studied a blasting vibration appraisal method and calculated the safe distance based on the degree of influence of excavation blasting on adjacent buildings in the Shuibuya Quarry. Tan et al. [21] measured the vibration of a three-layer frame structure that lies on the slope of an open-pit mine boundary near the slope shoulder as a result of construction site blasting. Chen et al. [22] studied the building dynamic response under explosion load. Hao et al. [23] studied the reliability of RC column and frame with FRP strengthening subjected to explosive load. And the effectiveness of FRP strengthening of the RC column on their blast load-carrying capacities was demonstrated. These researchers established a damage accumulation model of the reinforced concrete (RC) member and in the overall structure under the action of frequent blasting vibration. The results showed that the damage is greater than the structural integrity, and that the weakest parts of the frame structure under frequent blasting vibration are located at the top floor and on top of the side column positioned at the bottom of the structure. Yan et al. [24] assessed the seismic impact on residences during blasting excavation of a large-scale rock slope in China. These researchers also discussed the response caused by ground motion at different frequencies, damage characteristics, the spatial variations in ground motion, and the soil consolidation interactions during the structural response.
Although international scholars have investigated numerous studies on blasting vibration, their studies mainly focused on the influencing factors that influence building damage, impact scope evaluation, and the dynamic response of the rock mass itself. In sum, most scholars have analyzed the dynamic response of an RC frame structure to explosions, but studies are limited to the explosive action of the building itself. Moreover, existing works do not consider the influence of explosions on the surrounding buildings. Therefore, the present study focuses on the dynamic response of a surrounding frame structure under the action of a blasting vibration wave caused by mining, and in order to compare and analyze, the frame structures that with different floor number were selected. The findings of this research could serve as a reference for the construction of buildings around the mining area.
ANALYSIS MODEL AND BLASTING SEISMIC WAVE

Engineering Overview
In order to study the dynamic response of surrounding frame structure under blasting vibration, residential buildings that with 7 and 16 stories were examined. These buildings belonged to RC frame structures. Moreover, these constructions share the same structure form and are similar in terms of other parameters. The building parameters were as follows: North-South total width was 18 m, East-West total length was 30m, column spacing was 6 m, the story height of the first floor was 3.9m, and the story heights of the remaining stories were 3.0m. Concrete strength was 30 MPa, elastic modulus E was 30 GPa, and Poisson's ratio was 0.2. The thickness of floor slab was 120 mm, the column section was 600mm × 600mm, and the beam section was 550 mm × 300mm. The dead load of the floor slab was 2.50 kN/m 2 (not including self-weight), the live load of the floor slab was 2.00 kN/m 2 , and the live load of the roof was 0.5 kN/m 2 . Earthquake intensity was VIII, and the design earthquake group belonged to the second group. The site classification was class II. The standard floor layout of the building is shown in Fig. (1) . 
Blasting Seismic Wave
MATLAB software was utilized to simulate a blasting seismic wave and when considering the loading model of space explosion; the site condition indirectly through the amplitude envelope function was considered. According to the existing literature (Guo et al. [25] ), the amplitude envelope function is expressed as Eq. (1), and the power spectrum function is written as Eq. (2).
where is the explosion distance ratio ( ); Q is the current amount of explosive charge; R is the explosive distance; m, n, a, and b are undetermined constants; t is the time; and t 0 is the delay time. where S 0 , k s , and F 0 are all constants (determined through the experiment); r is the distance of the blast center; ω 0 is the characteristic frequency (ω>0); and ξ 0 is the damping coefficient.
Fourier amplitude spectrum A (r, ω) can be calculated by power spectrum S (r, ω):
Where Δω=2π× sampling frequency/FFT length, and Δω is the frequency interval.
Converting Fourier amplitude spectrum A(r, ω) and random phase spectrum ϕ(ω) to real and imaginary parts of Fourier transform, then conducting inverse Fourier transform, approximate acceleration time history a(t) of artificial seismic wave can be obtained:
Where ϕ(ω) is phase spectrum, it is a random number between 0 and π; i is imaginary.
The final equation of artificial seismic wave can be expressed as:
According to existing literature (Lin [26] ; Huang [27] , m=448.53, n=2.03, C=665.4, ω=100, a=60, b=80, S=7.5×10 -8 , k s =4.35×10-5, and F=9.1×10 -6 .
The explosion wave has a considerable relation to the explosion amount and the explosion distance. The timehistory curves of blasting seismic acceleration are constructed at the specified distances of 200, 300, and 400 m in the explosion amounts 200, 300, and 400 kg, as shown in Fig. (2) .
MASS PARTICIPATION RATIO AND DEFORMATION DIAGRAM
The dynamic responses of the 7-story and 16-story frame structures located at a mining field were analyzed using SAP2000 at distances of 200, 300, and 400 m.
The period and mass participation ratio of the first three vibration modes are presented in Tables 1 and 2 . UX, UY, and UZ are the mass participation ratios in the X, Y, and Z directions, respectively. Sum UX, Sum UY, and Sum UZ are the accumulation values of the mass participation ratio in the X, Y, and Z directions, respectively. RX, RY, and RZ are the mass participation ratios circling the X, Y, and Z axes, respectively. The deformations of the structures under different modes are highlighted in Tables 3 and 4. As can be seen from Table 1 , the three mode periods of the 7-story frame structure are 0.53s, 0.57s and 0.18s, respectively. First of all, for the first mode, UX is 0.8, UY is 0, UZ is 0, Rx is 0, RY is 0.67 and RZ is 0.46, indicating that the structure is translational along the X axis and torsional around the Y axis and Z axis. Similarly, we can determine the second mode is translational along the Y axis and torsional around the X axis and Z axis, and the third mode is translational along the Z axis and torsional around the X axis and Y axis.
As can be seen from Table 2 , the three mode periods of 16-story frame structure are 1.26s, 0.45s and 1.37s, respectively. First of all, for the first mode, the structure is translational along the X axis and torsional around the Y axis and Z axis, the second mode is translational along the Y axis and torsional around the X axis and Z axis, and the third mode is translational along the Z axis and torsional around the X axis and Y axis As can be seen from Tables 3 and 4, the deformation of 7-story frame structure is significantly greater than that of 16-story frame structure under the same blast wave. Both the 7-storey and 16-story frame structures, blasting distance is closer, the overall deformation of structure is larger. On the contrary, blasting distance is farther, the overall structure deformation is smaller.
DYNAMIC RESPONSES
Displacement
Tables 5 to 10 list the floor displacements and story drifts of the 7-story and 16-story frame structures under the action of different amount of explosion per blasting field, respectively, their distances from the explosion source are 200 m, 300 m and 400 m., their amount of explosive are 200 kg, 300 kg and 400 kg, respectively. Table 7 . Floor displacements of the 7-story frame structure when the amount of explosion charge is 300 kg. Table 9 . Floor displacements of the 7-story frame structure when the amount of explosion charge is 400 kg. Table 10 . Floor displacements of the 16-story frame structure when the amount of explosion charge is 400 kg. From Tables 5 to 10, the maximum floor displacements of 7-story and 16-story frame structures can be obtained and the results are shown in Fig. (3) .
According to Tables 5 and 6, the vibration response of the top story is maximum under the action of blasting wave. Fig. (3) shows that with the increase of the explosion distance, the blasting vibration response decreases.
From the Tables 5 and 6, the biggest story drift of 7-story frame structure appear on the 2nd story, 7th story and 1st story under the action of 200 m, 300 m and 400 m explosion distance; and the biggest story drift of 16-story frame structure all appear on the 10th story under the action of 200 m, 300 m and 400 m explosion distances.
The maximum story drifts of 7-story and 16-story frame structures are shown in (Fig. 4) . From Fig. (4) , the story drifts of 7-story and 16-story frame structures are the maximum under the action of 200 m explosion distance. With the increase of explosion distance, the story drifts gradually reduce. At the distance of 200 m when the amount of explosion charge is 300 and 400 kg, the story drifts of 16-story are all bigger than that of the 7-story. While at the distance of 300 and 400 m when the amount of explosion charge is 300 and 400 kg, the story drifts of 7-story are all bigger than that of the 16-story. And when the amount of explosion charge is 200 kg, the corresponding results of the two structures are on the contrary at different distances. It indicates that the amount of explosion has a greater impact on the story drifts when the explosion distance is small and the height of the structer becomes the main factor as the explosion distance increases. When the amount of explosion charge is 200 kg, the explosion distance has bigger influence on the lower structure. According to the existing codes in China, the inter-story displacement angle of frame structure is less than 1/550 by analyzing the results, the 7-story and 16-story frame structures can't be damaged under the action of 200 m, 300 m and 400 m explosion distances. Fig. (4) . Maximum story drift of frame structure. As can be seen from Figs. (3 and 4) , under the same explosion source distance, the lower the structure height, the greater the maximum displacement of the floor, the story drift of the lower structure caused by the explosion is often greater than the higher structure. The maximum floor displacement and maximum story drift caused by blasting vibration are all weakened with increase of explosion source distance. 
Seismic Deformation Checking
Under the action of frequent earthquake, the floor displacement should satisfy the following formula:
Where Δu e is the maximum floor displacement of the structure produced by the standard value of the frequent seismic action, in the frame structure, [θ e ]= 1/550, h is the height of the frame structure. From Table 11 , we can find that the 7-story frame structure is damaged while the 16-story frame structure not at the 200m and 300m explosive distance of 200kg explosive amount. And we can find the same phenomenon at the 300m explosive distance under the action of 300kg explosive amount and 300m, 400m explosive distance respectively under the action of explosive amount of 400kg. It means that the safe distance of the 7-story frame structure is larger than that of 16-story.
Figs. (5 to 10) show the time-history curves of acceleration on the top story at different blasting distances. Fig. (7) . Acceleration time-history curve of the 7th story when the amount of explosion charge is 400 kg. Figs. (5 to 10) show that the acceleration of top story of the frame structure caused by explosion source at 200 m is greater than at 300 m and 400 m. The maximum accelerations at the top stories of the two structures appear at approximately 0.05s under the action of different blasting seismic waves. Moreover, the acceleration amplitudes of the 7-story and 16-story are almost equal under the same amount of explosion and the same explosion distance. This result indicates that the height of building has minimal influence on the acceleration response caused by explosion. Fig. (10) . Acceleration time-history curve of the 16th story when the amount of explosion charge is 400 kg.
CONCLUSION
In this paper, the variables used are the amount of explosion, the explosion source distance, the height of structure. By controlling two of the variables unchanged, the corresponding datas of the other variable are compared and analyzed. And by controlling the single variable, the corresponding datas of the other two variables respectively are compared and analyzed to summarize the relationships between the three variables on influncing the dynamic response of mining blasting vibration to surrounding reinforced concrete (RC) frame structures.
The smaller the explosion source distance, the lower the structure, the larger the story drift, that is, in general, 1. with the same explosive charge and small explosive source, the deformation of lower structure is larger than the higher. For the 7-story and 16-story frame structures, the maximum story displacement and maximum story drift of the 2.
structure are increased with the increase of the amount of explosion, and in different amount of explosion they all show that the maximum story displacement and maximum story drift of the structure are decreased with the increase of the distance from the explosion source, when the explosion source distance is large, the dynamic 
